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We have measured the lifetime of electrons drifting in liquid argon using a gridded ionization chamber with a drift gap of 153
mm. The electrons were produced by the passage of cosmic rays through the chamber We find a best fit for the electron lifetime -r at
5 V/cm of 9.2 ms (with 13.2 > r > 7.1 ms at 95% CL). Thus value is consistent with all the data below 15 V/cm. This corresponds to
an impurity concentration p =0.03 ppb oxygen equivalent . The attenuation length calculated from the above lifetime is 18 m for a
field of 1 kV/cm. The liquid remained in the chamber for 14 weeks with no recirculation system and suffered no noticeable
deterioration with respect to the lifetime or the pulse height. The low field mobility fto has been measured for fields up to 150 V/cm
and we find a value of 545±4 cm' V-1 s-1 which ms consistent with measurements by other authors . The electron yield as a function
of the electric field strength has been measured down to 3 V/cm . The results seem to indicate the need for a modification of the
geminate recombination theory.

1 . Introduction

The liquid time projection chamber offers the poten-
tial for a large continuously sensitive detector with
excellent energy and spatial resolution . The use of liquid
argon or xenon as the detection media for charged
particles is particularly suitable in applications where
high density or high mass are required, with the detector
acting as a target or a source as to the detection of solar
neutrinos or double-beta decay, respectively . Such a
detector is planned for the Gran Sasso Underground
Laboratory in Italy. The ICARUS detector [1] is a
liquid argon TPC designed pnmarily for studying solar
neutrino interactions .

In order to drift electrons over large distances, be-
tween 1 and 2 m in the ICARUS detector, the level of
electronegative impurities, e.g . oxygen, must be less
than 1 ppb and must be maintained at this level over
long periods of time . Since the initial proposal for a
liquid argon TPC in 1977 [2] a large amount of work
has been done to ascertain the feasibility of such a

* Visiting Scholar, High Energy Physics Laboratory, Harvard
University, Cambridge, MA 02138, USA.

* * Visiting scientist 1986/87 from the Hahn-Meitner Institut,
Berlin, FRG.

0168-9002/89/$03.50 © Elsevier Science Publishers B.V .
(North-Holland Physics Publishing Division)

Nuclear Instruments and Methods in Physics Research A275 (1989) 364-372
North-Holland, Amsterdam

device [3-8] and the work presented here is part of the
continuing development program for the ICARUS ex-
periment .
We have measured the electron lifetime in liquid

argon using a gridded ionization chamber with a total
volume of 2 1 in which electrons produced by the
passage of cosmic rays were able to drift over 153 mm
in electric fields as low as 3 V/cm, corresponding to a
transit time of 9.1 ms. We find that it is possible to
achieve the required lifetimes with the use of simple
purification system consisting of a mixture of molecular
sieve and silica gel together with an Oxisorb cartridge
[9] to remove oxygen.

The paper is organized as follows. In section 2 we
describe the chamber construction followed by the
purification system in section 3. Section 4 deals with the
electronics and data acquisition and in section 5 we
describe the method used to analyse the pulses obtained
and the difficulties involved. Our results are presented
in section 6, and section 7 contains concluding remarks.

2 . The chamber

A cross-section through the chamber is shown in fig .
1 . The cathode and the anode were made of disks of



stainless steel 80 mm in diameter and 3 mm thick. The
grid was constructed of a mesh of 50 [Lm diameter
stainless steel wires separated by 550 Rm. The
cathode-grid distance was 153 mm and the grid-anode
distance was 4.5 mm. In order to ensure field uniform-
ity, field-shaping rings were placed at intervals of 9 mm
between the cathode and the grid, connected to each
other by spacers made of insulating material (PTFE).
Between each pair of rings a 10 MQ resistor was placed.
The resistors had their outer coating of paint removed
and their leads were gold-plated to avoid corrosion
during cleaning. The last resistor, placed between the
grid and ground, was chosen so that the field between
the grid and anode was sufficient to ensure 100% trans-
mission of the electrons through the grid . The grid will
be 100% transparent to the drifting electrons if

EA > (1 +X)
EB (1-X)'

where EA is the field after the grid, EB is the field
before the grid and

y

where r is the wire radius and y is the distance between
the wire centres [10] . With our values for y and r we
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Fig . 1 . A cross-section through the chamber.
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3. The purification system
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obtained EA > 1.7EB for 100% transparency . The cham-
ber geometry allowed another 10 MU resistor to be
used, giving EA = 2.6EB . The shielding inefficiency a of
the grid is given by

where p is the grid-anode distance . The inefficiency is
a function of the chamber geometry only and does not
depend on the applied field . The inefficiency of the grid
was 3% . It should be noted that eqs . (1), (2), and (3) are
only exact for a grid of equally spaced parallel wires
and hence for a mesh the results are only approximate .

Mounted above and below the main chamber were
two parallel plate ionization chambers which served as
trigger chambers, providing signals which were put in
coincidence to indicate the passage of a cosmic ray
muon through the chamber. Each chamber was divided
into two 4.5 mm drift gaps by a stainless steel disk of
diameter 40 mm. The top plate of the upper drift gap
was a stainless steel disk of the same diameter as the
cathode and was held at ground . The bottom plate of
the lower gap was a grounded cup . This cup prevented
the escape of field lines from the trigger chamber elec-
tric field to the walls of the chamber vessel and the
main drift gap electrodes.

The chamber was mounted on a DN100 ConFlat
[11] flange and placed inside a stainless steel container
of height 250 mm and diameter 100 mm. The top of the
flange contained a single pipe for evacuation and filling
of the chamber and the four cryogenic feedthroughs for
the chamber readout, trigger chambers and high volt-
age . The flange was sealed to the container with a
copper O-ring and the whole assembly was baked out
under vacuum at 100'C for 24 h . A relatively low
temperature was used so that the resistors would not be
damaged . After these procedures typical leak test rates
of 2 .7 X 10 -9 mbar 1 s-1 were achieved .

Fig . 2 shows a schematic of the liquid argon purifica-
tion system . All the metal parts of the system were
constructed from stainless steel and were subjected to
the CERN "standard cleaning procedure" [12] : (1)
washing with detergent at 50'C in a bath equipped
with ultrasound ; (2) then rinsing with cold deminera-
lised water ; (3) washing with demineralised water at
60'C in a bath equipped with ultrasound ; and (4)
finally degassing in a vacuum oven (= 5 X 10-7 Torr)
at 950 ° C . All metal parts, including those of the cham-
ber, underwent this cleaning sequence. The resistors and
insulating spacers were subjected to steps 1 through 3 .
We used all-metal bakeable NUPRO valves [13] with



366

COUNTER FILTER

DN16 ConFlat flanges welded onto each end and con-
nected to the rest of the components with copper 0-
rings . All connections to the vacuum system were made
via vacuum valves with welded bellows .

The system was evacuated using a turbomolecular
pump with a liquid nitrogen cold trap placed between
the pump and the system to prevent backdiffusion of oil
from the pump . The whole assembly was baked out
under vacuum at 300 ° C for 48 h, the final vacuum
achieved on the system was 2 x 10-7 mbar and typical
leak test rates were 4 x 10 -9 mbar 1 s-1 .

The filter consisted of an equal mixture of molecular
sieves 4A and 13X [14] and silica gel. The filter was
activated under vacuum typically for 12 d at 350 0 C
and a vacuum of 1 x 10 -5 mbar on the filter was
achieved at this temperature . The silica gel was previ-
ously activated in an oven at 250 ° C for 24 h at atmo-
spheric pressure . During operation the filter was cooled
to -70'C using dry ice to increase its adsorption
capacity for carbon dioxide and water. Oxygen is not
removed by molecular sieves because of its high vapour
pressure and nonpolar nature . Instead we use the room
temperature getter Oxisorb [9] to ensure its removal .
The Oxisorb cartridge is made of chromium embedded
in an SiO, lattice and adsorbs oxygen by a chemical
process rather than a physical one . The reaction which
takes place is 2Cr + 30, - 2Cr03 .

The purification of the argon took place in two
stages. The starting material was argon 60 gas (99.9999%
pure) which had an impurity concentration of about 0 .1
ppm of oxygen . The gas was passed through the Oxisorb
cartridge with a flow meter placed before it to regulate
the speed of the gas flow and so to ensure maximum
removal of the oxygen . A typical flow rate was 0.35 1/s .
The gas was then liquefied in a clean storage container
which was surrounded by a liquid argon bath . The
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Fig . 2 A schematic of the liquid argon purification system

ARGON 60

purpose of this intermediate step was to separate out
any fluorinated or chlorinated hydrocarbons which may
have been present in the gas bottle from the compressor
cycle . It took 2z h to liquefy 4 1 of argon into the
storage container.

In the second stage the liquid argon was allowed to
boil off and pass through the filter to be liquefied in the
chamber . The chamber was also surrounded by a bath
of liquid argon . Open dewars were used for the liquid
argon baths for ease of refilling as the quantities of
argon involved were small . The start of liquefaction in
the chamber was indicated by a pressure difference
between the filter and the chamber, recorded using the
two pressure gauges located as indicated in fig. 2. This
pressure difference was kept at 300 mbar during the
liquefaction. The end of the liquefaction process was
indicated by the equalizing of the pressures on the
chamber and storage container and took about 2 2' h . In
both stages the rate of liquefaction was controlled by
the extent of the cold surface seen by the gas as well as
by the level of the external liquid argon bath .

Emptying the chamber was carried out by allowing
the liquid to boil off and pass through a glass bubbler
containing silicon oil . A bubbler was used to prevent
backdiffusion of water vapour into the chamber . To
empty the chamber in this way took about 2 h .

4. Electronics and data acquisition

A schematic of the readout system is shown in fig . 3 .
A positive voltage of 1 .6 kV was applied to the central
plate of each of the trigger chambers, creating an elec-
tric field of about 3.6 kV/cm across each of the 4.5 mm
gaps . Electrons produced in both of the gaps drifted
towards the central plate and the signal was read out
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PREAMPLIFIER

into a charge-sensitive preamplifier followed by a 500
ns shaper and then an Ortec 474 timing filter amplifier
with a gain of two. The signal and high voltage were
carried on the same cable and decoupled inside the
preamplifier box . The signal from each chamber was
sent to a discriminator and the output from the two
discriminators was used to generate a coincidence which
stopped the conversion of the transient recorder . The
discriminator threshold was determined by calculating
the expected signal across the two 4.5 mm drift gaps
and dividing it by three . As well as triggers from single
muons traversing the chamber, electron showers could
also produce a trigger due to two particles from the
shower, each crossing one trigger chamber at the same
time . As the particle had not crossed the whole chamber
volume then the pulse height was much lower than the
expected pulse height calculated for the 153 mm gap
and the transit time was less than td . These pulses were
removed by an on-line cut on the pulse height. The
measured rate of cosmic ray muons which traversed the
whole of the chamber length was about 8 events per
hour, in agreement with the expected rate of 11 events
per hour calculated by taking into account the solid
angle of the trigger chambers.

ORTEC
474

TIMING
FILTER
AMPLIFIER

DISCRIMINATOR

DRIFT CHAMBER PREAMPLIFIER

Fig. 3 . A schematic of the electronics and readout system .

5. Analysis of pulse shapes
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The signal from the main drift chamber was read out
using a charge-sensitive preamplifier. A schematic of
the preamplifier is shown in fig. 3 . Here we did not use
any shaping and the feedback time constant of the
amplifier was such that long drift times could be re-
corded without appreciable loss of signal . The noise of
the preamplifier was = 0.3 fC . The signal was further
amplified by a linear amplifier with variable gain and
then fed into the analogue input of a LeCroy 2256
transient recorder . In order to record pulses with very
long risetimes, an external clock with a minimum
frequency of 80 kHz was used .

The data from the transient recorder were stored on
a Super Caviar Microcomputer where they could be
viewed on-line and also stored on disk for further
analysis . The whole readout chain could be checked by
applying a known voltage from a test pulse onto a 1 .1
pF test capacitance at the input of the preamplifier .

The passage of a cosmic ray through the chamber
leaves a track of uniform ionization in the form of
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electron-positive ion pairs . The electrons then move
under the influence of an applied electric field and after
passing through the grid they induce a signal on the
anode. The contribution to the current from the positive
ions can be neglected as their mobility is orders of
magnitude less than the electron mobility .

The effect of a grid is to shield the anode from the
drifting electrons so that a signal is induced on the
anode only after the electrons have crossed the grid.
Each electron drifts the same distance across the
grid-anode gap before collection hence the total charge
collected Q0 will be Noe (c .f. the parallel plate chamber
where the total charge collected is Noe/2) . Note that the
transit time t d is determined by the cathode-grid dis-
tance which is long compared to the grid-anode dis-
tance . The current as a function of time i(t) measured
at the anode is determined by the speed vd = d/td with
which the electrons arrive at the grid . This is the case
because once the electrons have traversed the grid they
come into a region of higher field strength and they
cross the much shorter grid-anode gap in a drift time td'
which is much less than t d . The current detected at time
t namely i (t) is given by

i(t)=Ned ,

	

(4)

where N is the number of electrons contributing to the
current pulse.

If electron attaching impurities are present then not
all of the electrons will arrive at the grid-anode gap . A
certain fraction are converted into negative ions of
much smaller mobility and are thus lost for the elec-
tronic pulse . The electron attachment to an impurity S
can be described by the following reaction

ks = fa(E)f(E)dE,
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where v is the electron velocity, f(v) is the velocity
distribution of the electrons and a(v) is the cross-sec-
tion as a function of velocity for interaction of the
electrons with impurity S . If instead the cross-section is
expressed as a function of energy then

where f(E) is the well-known Maxwell distribution
function . For oxygen the rate constant in liquid argon
has been measured and is found to decrease with in-
creasing electric field [15] .

Under the assumption that the number of electrons
N produced by the passage of an ionizing particle is

smaller than the impurity concentration Ns , the number
of electrons lost per time interval is

_dN _

dt
-ksNSN .

For hermetically sealed containers which have been
properly cleaned before filling with liquid Ns remains
constant and integration of eq. (8) gives

N= No e-rlT,

where T is the electron lifetime and is related to the rate
constant and the impurity concentration by

d

Thus ideal pulse shape is modified by the electronics
chain and this effect has to be fully taken into account
when fitting the pulses to extract the lifetime . In our
case the response R(t) of the electronics can be repre-
sented as the sum of three terms :

R(t) = Al e- rlT, + AZ e-r/T2 + A3

	

t

	

e (13)
( 73 )

where A1 = 0.77, -r, = 4.63 ms, AZ = 0.14, -r2 = 0.30 ms,
A 3 = 0.87, -r3 = 4.11 ms. The constants A � and . were
obtained by fitting the response of the electronics to a
test pulse in the form of a step function [16] .

The charge collected at time t, where t _< t d is then
given by

Q(t) = N-e f re-o/"R(t-0)dO .

	

(14)
td 0

To avoid introducing uncertainties due to calibration of
the electronics and the poor theoretical knowledge of
the electron yield at low fields in liquid argon, we have
used the ratio between the charge collected at time t
and the maximum charge, Q(t)1Q.., as the quantity
to be fitted to determine the electron lifetime. The
pulses were fitted for the parameter -r using the shape
described by eq . (15) :

fi
e-alTR (t - 0) d0

Qmax

	

ft -"e-',"R (tmax-e) d6
0

The minimization program MINUIT [17] was used and
the X' was minimized by varying T .

This method is most sensitive if the electron lifetime
is less than the transit time across the chamber . Fig. 4

T
skN .s

(10)

Substituting for N in eq . (4) we obtain

i(t) = N0 e- `/Te~ , (11)

and after integration

Ner
(I (12)

e - + S - S-, (5)
k s

where the rate constant ks is given by

ks = fva(v)f(v) dv, (6)



10

08

06

02

6. Results
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Time (ms)

Fig . 4 . The theoretical pulse shapes for seven values of -r at
E =10 V/cm, demonstrating the difficulty m accurately de-
termining T if it is longer than the drift time . The curves are
(1) T=1 ms, (2) -r = 3 ms, (3) T= 5 ms, (4) T = 7 ms, (5) T =10

ms, (6) T = 20 ms, (7) T = oo .

illustrates the difficulty of distinguishing between differ-
ent lifetimes once T becomes greater than the transit
time. The theoretical pulse shapes for Q(t)1Q.. are
shown for seven different lifetimes (T = 1, 3, 5, 7, 10, 20,
oo ms), demonstrating that it is possible to distinguish
between 1 and 3 ms but it becomes harder as T in-
creases beyond the drift time of 2.8 ms . At very low
fields the transit time is sufficiently long that acoustic
noise becomes a problem which is difficult to eliminate .
Noise superimposed on the pulse can distort the shape
leading to a lengthening or shortening of the measured
lifetime .

Cosmic ray muon data were taken for a number of
electric fields ranging from 3 up to 230 V/cm, and the
raw data for four typical pulses are shown in fig 5 . Note
the rounding of the pulses and decrease in pulse height
as the electric field decreases, due to the effect of
electron attachment and also amplifier response .

For the determination of the lifetime we have used
the pulses taken at low fields as these will be most
sensitive to the effects of electron attachment . Taking
the data at 5 V/cm and using the method in section 5
we obtain T = 9.2±i .â ms (13.2 > T> 7.1 ms at 95% CL) .
We then check that this value of the lifetime gives
consistent results for the pulses recorded at other fields .
We find that a lifetime of 9.2 ms gives a good descrip-
tion of the data for all fields for which pulse shapes
were recorded (up to 15.2 V/cm) . This can be seen in
fig . 6 where we show four pulses taken at different

fields together with the curves calculated using -r = 9.2
Ms .

The litluid was kept in the chamber for 14 weeks
with no recirculation system and we observed no
noticeable deterioration in the measured lifetime or the
pulse height, as is demonstrated in fig . 7 where the
measured pulse height is plotted as a function of time
after filling of the chamber.
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Fig. 5 . Typical pulses for four electric fields; (a) 7 .6 V/cm, (b)
23 V/cm, (c) 47 V/cm and (d) 70 V/cm .
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We have used our measurement of r to determine
the attenuation length X which is related to r by the
drift velocity vd by

iN = vd7 .

0.4

0L
0

1 .2 f
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ELECTRIC FIELD = 10.23V/cm
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TIME (msed

a)

b)
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(16)

Fig . 6 . Averaged pulses for (a) 5 .03 V/cm, (b) 7.6 V/cm, (c)
9.9 V/cm and (d) 10.23 V/cm together with the calculated

curves for r = 9 .2 ms .
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Fig. 7. The measured pulse height as a function of time after
filling of the chamber .

For a field of 5 V/cm and 7 = 9.2 ms we obtain X = 25
cm (using the value for p.o of 545 cm2 V-1 s-1 obtained
below). For a field of 1 kV/cm (which is the design
field for ICARUS [1]) with vd = 2 X 10 5 cm s-1 we
obtain

(17)

We can use eq . (10) to determine the impurity con-
centration Ns in mole/1, assuming that all of the
impurity is oxygen . For the rate constant at 5 V/cm we
use ks = 1011 1 mole-' s-1 from ref . [15] and with
,r = 9.2 ms we obtain Ns = 1.0 X 10-9 mole/1 . The con-
centration Ns is related to the concentration p in ppb
by

(18)

where NAR is the number of moles in 1 litre of liquid
argon. Substituting forNs in eq . (18) and using N,R = 35
we obtain

(19)

where ppb is defined as one oxygen molecule in every
109 argon atoms .

The drift velocity vd at low fields, E _< 150 V/cm, is
related to the electric field E by

(20)

where p.o is the low field electron mobility . Using data
taken at different fields we can measure the drift veloc-
ity and hence determine IL O . This measurement is only
valid if T » td so that the effects of electron attachment
(and amplifier response) can be neglected . Fig . 8 shows
the measured drift velocity as a function of the applied
field . We know that the lifetime is long so we use all
data below 150 V/cm and assuming eq. (20) we obtain
a value for the mobility of (545 ± 4) cm2 V-1 s -1 for a
temperature of 86.8 K. (If we adopt a conservative
approach of only using the data above 10 V/cm then
we obtain (542 ± 4) cm2 V-1

s-1 .) The curve in fig . 8 is
obtained from eq . (20) using po =545 cm2 V -1 s -1 .
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Fig . 8 . The electron drift velocity vd in cm s-1 as a function of
electric field E in V/cm. The solid line is obtained from

vd =[L O E with pD =545 cm2 V -1 s-1 .

Our measurement is in good agreement with those of
other groups [18-22].

The measurement of the charge Q(td) at lifetime -r
enables us to extract the initial charge Qo = Noe as a
function of the electric field E. We assume that the
maximum charge is collected at the drift time td , this is
reasonable as we know that T>> td , and for each field
we determine the pulse height spectrum . The mean
value in ADC counts is determined by fitting a Gaus-
sian to the spectrum and this mean pulse height is then
transformed into fC by applying the appropriate
calibration constants . The error on the charge calibra-
tion is estimated to be 10-20% due to the uncertainty in
the exact value of the test capacitance. We then use eq .

i 11 1

0

	

50

	

100

	

150

	

200 250

ELECTRIC FIELD IV/c ml

Fig. 9 . The initial charge Qo(E) deposited m the chamber by
the passage of a cosmic ray as a function of the electric field E.
The error bars indicate the effect of a ± lOcYo systematic error
in the charge determination. The dashed line is calculated from

the data of ref. [24] .
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(14) with t =td

	

to correct for the effect of electron
attachment and amplifier response and obtain Qo(E) in
fC, shown in fig . 9 as a function of E. The effect of a
+10% systematic error on the charge calibration is
indicated by the error bars .

The dependence of the electron yield on the electric
field is usually explained by making use of Onsager's
treatment of the escape probability for a single ion pair
separated by a distance r [22] . The electron yield has
been calculated using Onsager's theory [23] . It is found
that for field strengths of up to a few hundred V/cm in
liquid argon the electron yield is a linear function of the
field strength and the slope is determined by the ab-
solute temperature T and the relative dielectric constant
e r only . The charge QD ( E) can be expressed as

Qa(E) = Qo(E = 0)(1 + aE),

	

(21)

where Qo (E = 0) is the number of electrons that escape
recombination with positive ions in the absence of an
external electric field . The slope a is given by

er,
a 2kBT'

_ e 2
r° 4 7re cokBT

(22)

where r. is the critical Onsager radius, given by the
condition that at this separation distance the Coulomb
energy of the ion pair is equal to k B T, and can be
written as

(23)

Comparison of eq. (21) with the data shows significant
deviations pointing towards an inapplicability of the
Onsager treatment to liquid argon . The predicted
slope/intercept ratio is 8 .4 x 10-° cm V-1 whereas that
measured from fig. 9 is = 3.28 x 10-3 cm V -1 . This
discrepancy has previously been noticed by other
authors . The dashed line in fig . 9 has been calculated
from the data of ref . [24] . The two measurements agree
reasonably well within our quoted systematic errors .
We believe that the basic mechanism underlying this

behaviour is the following. In liquid argon the energy
required to create one electron-ion pair is 23.6 eV
(corresponding to 4.2 electrons per 100 eV of deposited
energy) and for minimum ionizing particles dE/dx =
2.1 MeV/cm. Hence the average initial separation dis-
tance rD between ionization events, i .e. between the
positive ions, is = 1100 X. Using eq . (23) with E r = 1.52
and T= 87 K we obtain r. = 1261 A, hence the ioni-
zation events overlap because rc = rD . Therefore even if
the electron thermalizes at a distance r > r. and hence
escapes recombination with its parent ion it may still
recombine with another ion . Consequently the Onsager
model does not apply as it assumes that the electron-ion
pair is isolated and this does not appear to be the case
in liquid argon . This behaviour will clearly lead to
increased recombination at low electric fields . We note
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here that two independent theoretical calculations are
currently underway to explain this discrepancy [25,26].

7. Conclusions

We have measured the lifetime of electrons drifting
in liquid argon and we find that T = 9.2 ms. This

corresponds to an impurity concentration of p = 0.03

ppb oxygen equivalent and an attenuation length of 18

m at 1 kV/cm, clearly well within the design specifica-

tions of the ICARUS [1] detector which will operate

with a field of 1 kV/cm over a drift-gap of several

metres .
The results demonstrate the difficulty of measuring

lifetimes which are long compared to the transit time

across the chamber at the lowest fields attainable . This

situation could be improved by using a longer chamber
which allowed the electrons to become attached to

impurities even at moderate electric fields . Clearly for

very long chambers the use of cosmic rays as the source

of ionization becomes impractical and an alternative

source of ionization must be used, e.g ., laser or radioac-

tive sources.
The long lifetimes obtained suggest that a simple

purification system is capable of producing liquid argon

of the quality required for the ICARUS [1] detector .

Finally, measurements of the electron yield at low

electric field strength are of importance for the develop-

ment of a theory for the behaviour of minimum ionizing
particles at low fields in liquid argon.
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